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Abstract The electrochemistry of dppm-bridged dithiolate
complexes [M2(CO)4(l-dppm){l-S(CH2)nS}] (M = Fe,
Ru; n = 2, 3) has been studied by cyclic voltammetry. The
diiron complexes show similar electrochemical responses in
CH2Cl2 but differ significantly in MeCN, while the
diruthenium complexes change only slightly with changes in
the dithiolate backbone and solvent. Proton-reduction stud-
ies in MeCNwith HBF4Et2O as the proton source show that
all are active catalysts for proton reduction in their singly
reduced state. An additional catalytic event is observed for
all, resulting from their partial protonation giving [M2(CO)4-
(l-dppm){l-S(CH2)nS}(l-H)][BF4]. The diiron complexes
show better long-term stability to acids, the diruthenium
complexes degrading at high acid concentrations.
Introduction
Dithiolate-bridged diiron complexes of the type [Fe2(CO)6-
(l-dithiolate)] have been intensely studied [1–19] due to
their structural resemblance with the two-iron unit of the
H-cluster active site of [FeFe]-hydrogenases, enzymes that
catalyse the reversible interconversion of protons–electrons
and hydrogen.A key step in electrocatalytic proton reduction
is protonation of the diiron centre, but [Fe2(CO)6(l-dithio-
late)] complexes are not basic enough to undergo protonation
except by extremely strong acids [20–22]. To increase the
basicity of the diiron centre, one or more carbonyls can be
substituted by more electron-donating ligands such as
phosphines or cyanide [23–52]. Diphosphines have been
widely used in this context and can either bridge the diiron
centre or chelate to one end, bridging complexes, [Fe2(CO)4-
(l-diphosphine)(l-dithiolate)] being thermodynamically
stable with respect to isomeric chelate complexes [Fe2(CO)4-
(j2-diphosphine)(l-dithiolate)].Consequently a large number
of diphosphine-bridged diiron-dithiolate complexes have
been reported [23–32] but surprisingly little attention has been
paid to their proton-reduction chemistry [27–32] even though
some, for example [Fe2(CO)4(l-dppf)(l-pdt)] (dppf = 1,10-
bis(diphenylphosphino)ferrocene), have been shown to be
efficient proton-reduction catalysts [29]. Similarly, given the
large number of diiron complexes tested as proton-reduction
catalysts, related diruthenium complexes have not been
widely studied [53–56]. Herein we detail a comparative
investigation of the electrochemistry and proton-reduction
behaviour of diiron and diruthenium complexes [M2(CO)4(l-
dppm)(l-pdt)] [24, 27, 57] and [M2(CO)4(l-dppm)(l-edt)]
[26, 27, 57] (Fig. 1).
Experimental
Complexes 1–4 were prepared according to published
methods [24, 26, 27, 57] (see ESI for details). IR spectra
were recorded on a Nicolet 6700 FT-IR spectrometer in a
solution cell fitted with calcium fluoride plates, subtraction
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of the solvent absorptions being achieved by computation.
Electrochemistry was carried out in either deoxygenated
dichloromethane or in deoxygenated MeCN with 0.1 M
TBAPF6 as supporting electrolyte. The working electrode
was a 3-mm-diameter glassy carbon electrode which was
polished with 0.3 lm alumina slurry prior to each scan.
The counter electrode was a Pt wire, and the quasi-refer-
ence electrode was a silver wire. All CVs were referenced
to the Fc/Fc? redox couple. An Autolab potentiostat
(EcoChemie, Netherlands) was used for all electrochemical
measurements. Catalysis studies were carried out by adding
equivalents of HBF4Et2O (Sigma-Aldrich).
Results and discussion
Electrochemical studies
The electrochemical response of 1–4 has been studied by
cyclic voltammetry (CV) both in CH2Cl2 and inMeCN. CVs
of [Fe2(CO)4(l-dppm)(l-pdt)] (1) and [Fe2(CO)4-
(l-dppm)(l-edt)] (2) in CH2Cl2 (scan rate 0.1 V/s) are
shown in Fig. 2. Complex 1 shows a quasi-reversible oxi-
dation at E1/2 = 0.18 V (DE = 0.10 V) followed by two
irreversible oxidations at Ep = 0.49 V and Ep = 0.71 V.
The first oxidation shows good chemical reversibility (ip
red
/
ip
ox = *1) when the potential is cycled below 0.4 V and
remains reversible at all scan rates (0.025–1 V/s) (Fig. S1a).
A plot of the oxidative peak current against square root of the
scan rate gives a straight line, indicating that this originates
from a diffusion-controlled solution process (Fig. 1Sb). It
also displays an irreversible reduction near the negative limit
of the potential window at Ep = -2.57 V (Table 1). CVs of
2 show similar features (Fig. 2); a quasi-reversible oxidation
at E1/2 = 0.39 V (DE = 0.11 V), the reversibility of which
is maintained at all scan rates (0.025–1 V/s) and shows good
chemical reversibility when the potential is cycled below
0.55 V (Fig. S2), followed by a broad irreversible oxidative
wave at Ep = 0.59 V and an irreversible reduction at
Ep = -2.52 V. CVs of both show additional oxidative and
reductive features at higher scan rates (C0.25 V/s) attributed
to products generated from the irreversible reductive and
oxidative processes (Figs. S3, S4).
In contrast to their iron analogues, CVs of ruthenium
complexes [Ru2(CO)4(l-dppm)(l-pdt)] (3) and [Ru2(CO)4-
(l-dppm)(l-edt)] (4) in CH2Cl2 show only a sharp irre-
versible oxidation peak followed by a small quasi-re-
versible oxidation (Fig. 3). No reduction peak was
observed for either within the potential window of CH2Cl2.
The irreversible oxidation peak of 3 appears at
Ep = 0.23 V, followed by a small quasi-reversible oxida-
tion at E1/2 = 0.68 V (DE = 0.11 V), while for 4 oxidative
peaks appear at Ep = 0.35 V and E1/2 = 0.78 V
(DE = 0.13 V), respectively. The first oxidation peak of
both does not show any reversibility at all scan rates even
when cycled below 0.60 V for 3 and 0.65 V for 4 (Figs. S5,
S6). The CVs also display two small reductive features on
the return scan (Ep = -0.59 V and Ep = -0.42 V for 3;
Ep = -0.46 V and Ep = -0.22 V for 4) associated with
the product(s) of the first oxidation.
The electrochemistry of 1 has been studied previously in
MeCN (in 50 mM [NBu4][PF6]) using Ag/Ag
? as the
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Fig. 1 Diiron and diruthenium complexes [M2(CO)4(l-pdt)] and
[M2(CO)4(l-edt)]
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Fig. 2 CVs of [Fe2(CO)4(l-dppm)(l-pdt)] (1) (brown) and [Fe2(CO)4
(l-dppm)(l-edt)] (2) (black) in CH2Cl2 (1 mM solution, supporting
electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode,
potential versus Fc?/Fc). (Color figure online)
Table 1 First oxidation and reduction potentials of 1–4 in CH2Cl2
and MeCN
Compounds In CH2Cl2 In MeCN
Ep
red1/V Ep
ox1/V Ep
red1/V Ep
ox1/V
[Fe2(CO)4(l-dppm)(l-pdt)] (1) -2.57 0.18* -2.20 0.24
[Fe2(CO)4(l-dppm)(l-edt)] (2) -2.52 0.39* -2.18* 0.30
[Ru2(CO)4(l-dppm)(l-pdt)] (3) – 0.23 -2.45 0.21
[Ru2(CO)4(l-dppm)(l-edt)] (4) – 0.35 -2.43 0.27
* E1/2 value
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reference electrode [27]. For accurate comparison, we also
carried out its electrochemistry in 100 mM n-Bu4NPF6 in
MeCN using Fc/Fc? couple as the reference and found that
the results are very similar to those reported previously
[27]. Electrochemical behaviour of 1 and 2 in MeCN is not
only very different than that observed in CH2Cl2, but CVs
show that 1 and 2 vary significantly in this solvent (Fig. 4).
Thus 1 shows a large oxidation peak at Ep = 0.24 V, fol-
lowed by a smaller oxidation peak at Ep = 0.70 V, while 2
shows only one oxidative response at Ep = 0.30 V. Both
oxidative processes of 1 exhibit some reversibility when
the scan rate is varied (0.025–1 V/s), whereas that of 2
remains irreversible, displaying a reductive response at
Ep = 0.07 V on the return scan attributed to the reduction
of a product formed after irreversible oxidation (Figs. S7,
S8). Complex 1 shows three reduction peaks at
Ep = -2.20, -2.44, -2.61 V, respectively, in contrast 2
displays only a quasi-reversible reduction within the
potential limit at E1/2 = -2.18 V (DE = 0.10 V), the peak
current ratio (ip
red
/ip
ox) of ca. 0.8 indicating good chemical
reversibility. The first reduction peak on the CV of 1 has
some reversibility at scan rates of 0.1 V/s and this increases
if the potential is cycled below -2.3 V (Fig. S9). However,
scan rate variation shows that the reversibility of this and
the second reductive process also increases at higher scan
rates (Figs. S7, S10). The small oxidative feature at
Ep = -1.73 V on the return scan, which is not observed
when the potential is cycled below -2.3 V, can be attrib-
uted to oxidation of the product generated by second and
third reductive processes (Fig. S9). The reduction peak at
Ep = -0.74 V and the oxidative response at
Ep = -1.26 V, which becomes prominent at higher scan
rates, are associated with the first oxidative and reductive
processes of 1, respectively. In contrast CVs of 2 do not
show any additional feature as the scan rate is varied
(Fig. S8). Reduction of 2 and the first reduction process of
1 are diffusion-controlled solution processes as confirmed
by plotting the reductive peak currents against square root
of the scan rates which give straight lines passing through
the origin (Fig. S10, S11). The current function (ip/Hm)
associated with these processes show a slight deviation
from linearity at slow scan rates (Fig. 5), which indicates
that more than one electron may be involved in the elec-
trode process on longer time scales.
Earlier CVs of 1 in MeCN showed only one reduction
wave as experiments were carried out with a comparatively
smaller potential window than used in this study [27]. In
our experiment, we saw three consecutive reduction waves
for 1 with small gaps between the peaks (*0.2 V)
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Fig. 3 CVs of [Ru2(CO)4(l-dppm)(l-pdt)] (3) (brown) and [Ru2(CO)4
(l-dppm)(l-edt)] (4) (black) in CH2Cl2 (1 mM solution, supporting
electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode,
potential versus Fc?/Fc). (Color figure online)
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Fig. 4 CVs of [Fe2(CO)4(l-dppm)(l-pdt)] (1) (brown) and [Fe2(CO)4
(l-dppm)(l-edt)] (2) (black) in MeCN (1 mM solution, supporting
electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon electrode,
potential versus Fc?/Fc). (Color figure online)
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Fig. 5 Scan rate (m) dependence of the current function (ip/Hm) for the
reduction of 1 (black diamonds), 2 (blue squares), 3 (red triangles) and
4 (green spheres) (1 mM solution in MeCN, supporting electrolyte
[NBu4][PF6], glassy carbon electrode). (Color figure online)
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suggesting that the second reduction does not correspond to
an Fe(I)Fe(0) ? Fe(0)Fe(0) process, for which a large
potential gap between the first and second reduction peaks
should be observed. We speculate that the second reduction
is occurring from a solvent stabilized species, possibly
[Fe2(CO)3(NCMe)(l-dppm)(l-pdt)] generated from the
radical chain reaction propagated by loss of a CO from the
reduced species 1- with subsequent uptake of a MeCN
molecule followed by electron transfer to another molecule
of 1. This process is well established for mononuclear
18-electron carbonyl complexes and has also been
observed for the parent hexacarbonyl [Fe2(CO)6(l-pdt)]
[11]. We are uncertain of the origin of the third reduction
wave of 1. It may result from reduction of 1- to 12- or a
second electron input to the solvent stabilized species.
Unlike 1, the single reversible reductive response displayed
by 2 is indicative of its resistance to CO loss in its singly
reduced state, i.e. 2- is significantly more stable to CO loss
than 1- in MeCN.
In contrast, diruthenium complexes 3 and 4 show very
similar electrochemical responses in MeCN (Fig. 6); CVs
display an oxidation (Ep = 0.21 V for 3 and Ep = 0.27 V
for 4) and a reduction (Ep = -2.45 V for 3 and
Ep = -2.43 V for 4) which are irreversible at all scan rates
(Figs. S12, S13). They also show additional reductive
(Ep = -0.54 V for 3 and Ep = -0.40 V for 4) and
oxidative (Ep = -1.98 V for 3 and Ep = -2.04 V for 4)
features on return scans due to the reduction and oxidation
of products generated during the forward scan (Fig. 6).
Complex 3 also shows a small second oxidative response at
Ep = 0.91 V on the forward scan which is only observed
on the CV of 4 (at Ep = 0.75 V) at scan rate B0.025 V/s.
Plots of current function (ip/Hm) associated with the
reduction of 3 and 4 against scan rates show a slight
deviation from linearity only at slow scan rates (Fig. 5)
indicating that more than one electron may be involved in
the electrode process on longer time scales; otherwise, the
reductions of 3 and 4 are one electron processes.
From the above results, it is clear that solvent has a
significant influence on the electrochemical response of the
diiron complexes 1–2. The pattern of their CVs is very
similar in CH2Cl2, but quite different in MeCN indicating
that a change in the dithiolate backbone has a pronounced
effect on their electrochemical stabilities. In contrast, if we
overlook the absence of a reduction wave in the CVs in
CH2Cl2, the gross features of the CVs of 3–4 are similar in
both solvents. The reason for the absence of a reduction
wave in CH2Cl2 can be explained by the following factors;
(i) the cathodic window of CH2Cl2 is smaller as compared
to MeCN and (ii) ionic species formed upon redox reac-
tions are better stabilized in MeCN rather than in CH2Cl2.
The experimental data are also in accord with this as both 3
and 4 undergo oxidation at less positive potential in MeCN
compared to that observed in CH2Cl2 (Table 1).
Electrocatalytic studies
The electrocatalytic proton-reduction ability of 1–4 has
been studied in MeCN using HBF4Et2O as the proton
source. In the presence of acid, the first reductions of 1–4
are electrocatalytic with respect to proton reduction as
evident from the voltammetry (Figs. 7, 8, S14–S17).
The current of the first reduction wave of 1 increases on
sequential addition of molar equivalents of acid and sepa-
rates into two distinct catalytic waves (ca. -2.2
and -2.4 V) at higher acid concentrations (Fig. 7a). This
phenomenon has been observed by Pickett and co-workers
for the parent hexacarbonyl [Fe2(CO)6(l-pdt)] who attrib-
uted it to two ECEC processes [11]. We assume that a
similar ECEC mechanism is involved in the catalytic cycle
of 1 at its first reduction potential (Scheme 1). Thus,
reduction of 1 is followed by protonation to generate 1H,
which undergoes further reduction at the same potential to
yield 1H-; protonation of this intermediate then liberates
hydrogen via 1H2 and leads to the recovery of 1 accounting
for the first catalytic wave (process I). However, 1H2 can
also be reduced at ca. -2.4 V thus affording 1H2
-, which
liberates H2 to regenerate 1
- and this process accounts for
the second catalytic wave (process II). Complex 1 has
previously been shown to catalyse proton reduction in the
presence of CF3SO3H at its first reduction potential
(ca. -2.1 V versus Ag/AgNO3) by Sun and co-workers
[27] and our observations are in full accord with their
results.
Complex 2 shows a single catalytic wave at the potential
of its first reduction, consistent with an electrochemically
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Fig. 6 CVs of [Ru2(CO)4(l-dppm)(l-pdt)] (3) (brown) and [Ru2
(CO)4(l-dppm)(l-edt)] (4) (black) in MeCN (1 mM solution,
supporting electrolyte [NBu4][PF6], scan rate 0.1 V/s, glassy carbon
electrode, potential versus Fc?/Fc). (Color figure online)
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initiated catalytic process (Fig. 7b). It may follow either an
ECEC mechanism (process I) or a slightly different ECCE
mechanism as suggested for related complexes
[30, 31, 41, 42]. In the latter, the protonated species (2H),
formed after initial reduction and subsequent protonation,
undergoes a second protonation to yield 2H2
? which then
takes up a second electron and liberates H2. We cannot
unambiguously specify a single mechanism for 2 at this
juncture which may follow either of these two or both
pathways for hydrogen generation. An additional catalytic
wave developed for both 1 and 2 at a ca. 0.4 V more
positive potential than that of the first reduction wave.
Build-up of small amounts of catalytic current at more
positive potentials than that of the first reduction wave was
also observed by Sun and co-workers while using
CF3SO3H as the proton source [27]. This catalytic wave is
well defined for 2 and can be attributed to protonated
species 1H? and 2H?. The oxidation potential(s) of both
remain unchanged during catalysis (inset of Figs. S14, S15)
which rules out the presence of significant amounts of 1H?
and 2H? in solution, but we suggest that there might be an
equilibrium between the neutral and protonated complexes
which lies almost entirely to the neutral species at low acid
concentrations and shifts slightly as the concentration of
acid is increased. To validate this supposition, we moni-
tored changes in their IR spectra with respect to acid
concentration. Thus, upon addition of one molar equivalent
of acid in CH2Cl2 solutions of 1 and 2, a new set of very
weak absorption bands appear at higher wavenumbers in
their IR spectra, becoming more intense as the concentra-
tion of acid is gradually increased at the expense of the
intensity of the bands observed for neutral complexes
(Figs. S18, S19). This observation proves that the proto-
nated 1 and 2 are indeed responsible for the catalytic waves
seen at more positive potential than their first reduction
wave. We speculate a CECE mechanism which is involved
for this catalytic event as observed for related complexes
[13–15]. However, an attempt to monitor this slow proto-
nation process via NMR spectroscopy was unsuccessful.
Diruthenium complexes 3 and 4 also show similar cat-
alytic waves (Figs. 8, S16, S17) at their first reduction
potential. Processes involved in their electrocatalytic pro-
ton reduction are difficult to predict due to their less-re-
solved reduction currents, but we assume one of the two
mechanisms described for their iron analogues. Additional
catalytic waves at a potential ca. 0.5 V more positive than
their first reduction are also noted for 3–4 presumably due
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Fig. 7 CVs of a [Fe2(CO)4(l-
dppm)(l-pdt)] (1) and
(b) [Fe2(CO)4(l-dppm)(l-edt)]
(2) in the absence of acid and in
the presence of 1–10 molar
equivalents of HBF4Et2O
(1 mM solution in acetonitrile,
supporting electrolyte
[NBu4][PF6], scan rate 0.1 V/s,
glassy carbon electrode,
potential versus Fc?/Fc).
Response of 10 equivalents
HBF4Et2O alone is shown with
the red dotted line. (Color
figure online)
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Scheme 1 Proposed mechanism for the electrocatalytic reduction of
protons to H2 by 1
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to the build-up of small amounts of 3H? and 4H? at higher
acid concentrations. However, the diruthenium complexes
are more fragile towards HBF4Et2O than their iron ana-
logues, which is evident from the reduction of peak height
of their first oxidative response as the concentration of acid
is increased (inset of Figs. S16, S17).
Summary and conclusions
Herein we have studied the electrochemistry of a series of
structurally related diiron (1–2) and diruthenium (3–4)
complexes by CV and their proton-reduction behaviour in
the presence of HBF4Et2O. CVs of 1–2 in the non-coor-
dinating solvent CH2Cl2 are very similar, whereas in con-
trast in the coordinating solvent MeCN they are
significantly different. Thus, the radical anion 2- shows
greater stability in MeCN than 1–, which we attribute to
their relative rates of CO loss, being faster for 12. In
contrast, the electrochemical response of diruthenium
complexes 3–4 is essentially unaffected by the nature of
solvent. Thus this study further highlights the sensitive
nature of the diiron core of dithiolate-bridged complexes to
small structural changes which can lead to significant dif-
ferences in electrochemical responses, especially in coor-
dinating solvents such as MeCN. Electrocatalytic studies in
presence of HBF4Et2O show that all four are catalytic
towards proton reduction, the main catalytic event taking
place at their first reduction potential. A smaller catalytic
event is also observed at more positive potentials for all
four complexes, being attributed to their partial protonation
at higher acid concentrations.
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